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VZ and domains of gene expression in subpopulationsA Dorsal Elaboration
of differentiating neurons forms the basis of a modelin the Spinal Cord for cell fate determination governed by crossrepressive
interactions between HD factors expressed in adjacent
progenitor domains (Briscoe and Ericson, 2001; Lee and
Pfaff, 2001). A similar model has also been advancedFunctionally distinct types of neurons develop in ste-
for cells in the dorsal spinal cord based on the restrictedreotypical positions in the vertebrate spinal cord. The
expression of bHLH genes in VZ subdomains (Lee andmechanisms that generate this diversity have been
Jessell, 1999). These models have gained experimentalwell studied in the ventral and intermediate regions of
support from various combinations of gain- and loss-the spinal cord, while dorsal cells have received less
of-function experiments (Briscoe and Ericson, 2001;attention. In this issue of Neuron, two papers focusing
Gowan et al., 2001).on dorsal interneuron development (Gross et al., 2002;
One issue that has been of recent interest is whetherMu¨ller et al., 2002) level the playing field.
neuronal fates are fixed at the progenitor level, or
whether newly born neurons retain some plasticity inClassical birthdating studies in the CNS have demon-
their phenotypic potentials (Anderson, 2001; Lee andstrated that there is a ventral-to-dorsal gradient of histo-
Pfaff, 2001). Based on the two papers from the Birch-genesis in the neural tube, the embryonic structure that
meier and Goulding labs published in this issue of Neu-will give rise to the spinal cord in adult vertebrates (Alt-
ron (Gross et al., 2002; Mu¨ller et al., 2002), it appearsman and Bayer, 1984). So too, it seems, has our under-
that the answer to these questions for several classesstanding of the molecular mechanisms that underlie the
of dorsal interneurons is the latter.generation of neuronal diversity progressed more rap-
In these two studies, the authors focus on the role ofidly for ventral cell types compared to those arising
the Lbx1 homeobox-containing gene in dorsal in-dorsally. The mature spinal cord in vertebrates is charac-
terneuron development. Lbx1 is a vertebrate homologterized by two prominent structures, the dorsal and ven-
of the Drosophila lady bird genes (of which there are two)tral horns, populated by neurons that process sensory
that function in cell fate decisions in embryos. Earlier
and motor information, respectively. The organization
studies have shown that vertebrate Lbx1 is expressed
of cell types in the spinal cord along the dorsoventral
in the embryonic dorsal spinal cord (Jagla et al., 1995).
axis is a fundamental feature that also reflects the major
The current works extend this basic observation to more
flow of signal processing from sensory input to motor
fully characterize the expression of Lbx1 in relation to
output. Numerous functionally distinct classes of in-
other factors that are restricted to progenitors and differ-
terneurons are interposed in this pathway and serve to entiating neurons along the dorsoventral axis. This anal-
process and integrate information from the periphery ysis reveals the presence of at least six distinct dorsal
and higher brain centers. As is true throughout the cen- interneuron populations, termed dI1–dI6, defined by the
tral nervous system (CNS), the correct establishment unique and overlapping expression of various transcrip-
of regional neuronal identities during embryogenesis is tion factors. Notably, the expression of Lbx1 subdivides
necessary for the proper wiring, and hence function, of these populations into a dorsal, non-Lbx1-expressing
the mature spinal cord. group (class A: dI1–dI3) and a ventral Lbx1-expressing
Recent studies in the spinal cord have shed light on group (class B: dI4–dI6) (see first Figure).
the molecular mechanisms that specify cell fates in the At later stages of spinal cord development (E11.5–
CNS (Anderson, 2001; Lee and Pfaff, 2001; Jessell, E14.5 in mice), the number of Lbx1-expressing class B
2000). The spinal cord is an appealing structure in which cells increases dramatically relative to dorsal class A
to explore these questions since its anatomical and cells, many of which appear to migrate ventrally. This
physiological organization are well defined and it is more expansion is accompanied by the broad activation of
experimentally tractable than higher brain regions. With Lmx1b in cells that appear distinct from the earlier
the recent advent of a gain-of-function approach using Lmx1b dI5 interneurons. Two intermingled populations
in ovo electroporation in chick embryos, and the well- of Lbx1-expressing cells can now be distinguished by
established loss-of-function approaches in mice, an im- their mutually exclusive expression of either Lmx1b
pressive battery of techniques can now be brought to (termed dILB or dI4LB) or Pax2/Lim1/2 (Lhx1/5) (termed
bear on dissecting diverse questions using the spinal dILA or dI4LA). As they settle in the dorsal horn, these
cord as a model system. cells sort themselves into at least three distinct layers
Previous studies have suggested that the acquisition (see first Figure). It will be interesting to determine
of unique cell fates in the spinal cord is a multistep whether these expression patterns correlate to function-
process beginning in proliferating progenitors in the ally distinct afferent inputs into the dorsal horn. A notable
ventricular zone (VZ) (Edlund and Jessell, 1999; Jessell, observation is that the later mosaic expression profile in
2000). A number of homeodomain (HD) and basic-helix- the dorsal horn, although segregated in dorsoventrally
loop-helix (bHLH) containing transcription factors have oriented laminae in the mouse, does not seem to bear
been identified that are expressed in the VZ in specific a direct relationship to the early domains of cell differen-
dorsoventral domains. In the ventral spinal cord, the tiation along the dorsoventral axis (dI1–dI6 domains);
instead, it is demonstrated that “later” Lbx1 cells ini-correlation in expression between these factors in the
Neuron
492
Gene Expression Domains in Differentiating
Interneurons in the Dorsal Spinal Cord
Six distinct domains of overlapping gene ex-
pression in postmitotic dorsal interneurons
(dI1-dI6) can be identified at embryonic day
(E)10 in mice, only three of which express
Lbx1 (class B, dark green). Between E11 and
E12, the dI4 (and possibly the dI5) popula-
tions expand dramatically to generate two
distinct but intermingled populations (dILA
and dILB) that migrate into the dorsal horn and
become organized into the superficial lamina.
Pax2 expression was omitted for clarity.
tially derived from the early dI4 (and possibly dI5) do- fates develop in a manner reflecting an altered combina-
torial code (see second Figure).mains produce most or all the cells in at least the superfi-
cial lamina of the dorsal horn. Misexpression studies were used to further test the
To ascertain the function of Lbx1 in dorsal interneuron idea that Lbx1 can suppress dI1–dI3 interneuron fates.
development, both groups took a “best of both worlds” In addition to repressing class A markers, some class
approach, combining experiments in mouse and chick B markers were activated ectopically in the dI1–dI3 do-
systems. If Lbx1 plays an instructive role in determining main in these experiments. Taken together with marker
dorsal interneuron fates postmitotically, it would be pre- changes in E10.5–E11.5 Lbx1 knockout mice, these re-
dicted that the fate of dorsal interneurons would be sults suggest that Lbx1 both suppresses class A differ-
altered in the knockout but that progenitor markers entiation programs while promoting class B dorsal in-
would remain unchanged. Indeed, in Lbx1/ mutants, terneuron fates.
ventral class B interneurons adopt the molecular and Clearly such striking alterations in early cell differenti-
projection characteristics of dorsal class A cells. How- ation in Lbx1 mutants are likely to have profound affects
ever, upon closer inspection, it is clear that a more inter- on the later development of cells in the more mature
esting fate transformation occurs: dI4 neurons take on dorsal horn, and indeed both studies document numer-
the molecular identity, migration, and projection charac- ous anatomical, molecular, and physiological alterations
teristics of dI2 neurons, while dI5 neurons adopt a dI3 in the knockout. These results show that many cells in
phenotype. (Lack of unique markers for the dI6 domain the dorsal horn aberrantly activate markers that identify
prevents the conclusive determination of its fate in the class A cells, indicating a similar fate switch in both
mutant, although these cells migrate like dI4 neurons.) “early” and “late” populations of Lbx1/ cells. In addi-
Therefore, while class B cell fates are transformed in tion, both anatomical and electrophysiological evidence
the absence of Lbx1, some aspects of the normal pat- is provided showing that nociceptive afferent projec-
terning of class A cells are transposed into the more tions into the substantia gelatinosa do not form properly
ventral class B region. This finding indicates that Lbx1 in the mutant.
may function to suppress the expression of class A One outcome from these papers is that they add dor-
genes in class B cell types and that in its absence cell sal horn interneurons to the growing catalog of neurons
that retain plasticity in their fates after they have left the
cell cycle (Jessell, 2000). Taken together with earlier
studies that suggest critical cell fate specification events
occur late in a neuron’s final cell cycle (Edlund and
Jessell, 1999), it is likely that many cell fate determinants,
whether extrinsic or intrinsic, function within a critical
window surrounding the birth of a neuron. Whether the
early plasticity in nascent neurons is a general property
common to all neurons, or is employed differentially by
subpopulations of developing cells in the CNS, remains
to be determined. Previous studies indicate that many
factors that function during early neuronal differentiation
appear to do so within the context of normal cell cycle
exit, perhaps pointing to one level where the function of
“neurogenic” bHLH and “fate determinant” HD proteins
could intersect in controlling neuronal differentiation.
It is interesting to note the parallels and differencesSummary of Molecular Alterations in Lbx1 Gain- and Loss-of-Func-
tion Animals between the development of superficial dorsal horn in-
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terneurons and ventral motor neurons. Both cell types
appear to derive from unitary progenitor domains ex-
Multisensory Integration in Cortex:
Shedding Light on Prickly Issuespressing unique transcription factor profiles that may be
established shortly after neural tube closure by extrinsic
cues derived from dorsal and ventral sources. Both cell
types undergo a protracted secondary maturation that Interactions between different sensory modalities can
serves to elaborate subtype identities, which may be be observed in unimodal areas of the cortex, as re-
influenced largely by local intercellular interactions vealed by recent neuroimaging studies. A new report
rather than earlier extrinsic cues, whose affects may be by Macaluso and colleagues (Macaluso et al., 2002
greatly diminished in the rapidly enlarging spinal cord. [this issue of Neuron]) shows that crossmodal effects
However, the mechanisms that function during these later of tactile stimulation in visual cortex critically depend
on the spatial congruence of multisensory inputs. Thistimes will likely differ in dorsal interneurons and motoneu-
work is discussed in relation to neural and computa-rons. Motoneurons are organized into pools of function-
tional models of multisensory integration.ally equivalent cells and may utilize retinoid signaling
and differential ETS gene expression to generate differ-
Many ordinary events in the physical world—a fly unsuc-ences among subtypes (Jessell, 2000). In contrast, the
cessfully trying to escape though a closed window, on-current studies show that dorsal horn interneurons de-
ions sizzling in a frying pan, a handshake—produce sig-velop as intermingled populations of molecularly distinct
nals in several sensory modalities simultaneously.cells, which instead suggests that local lateral inhibition
Although much information about such events can bemechanisms, such as those mediated by Notch signal-
extracted by treating these signals one modality at aing, may play a more prominent role.
time, a very important source of information lies in theirIn summary, the papers from Birchmeier’s and
spatial and temporal congruence. Our brain is exqui-Goulding’s labs demonstrate that Lbx1 promotes the
sitely attuned to multisensory correlations which it usesdifferentiation of multiple dorsal interneuron lineages.
to modulate and refine perceptual analysis. There areIn this regard, its closest equivalent in ventral cells may
numerous examples of how perception can be en-be Lhx3, which appears to function postmitotically in
hanced, but also biased, by the integration of sensoryboth motor neuron and ventral (V2) interneuron differen-
signals across modalities: low-contrast or noisy visualtiation (Sharma and Peng, 2001). Thus, while similar
and sound stimuli can be combined to improve spatialmechanisms appear to be employed by differentiating
localization. Yet a salient visual stimulus readily “cap-neurons in both the dorsal and ventral spinal cord, these
tures” the perceived origin of a sound source in the well-studies provide a firm basis on which to further elaborate
known ventriloquist effect. Speech is perceived morethe mechanisms that distinguish dorsal and ventral horn
clearly when the speaker’s lips are visible and it is dis-cells from each other during embryogenesis.
torted if the lip movements are rendered discrepant with
the heard sound (McGurk and MacDonald, 1976). Being
Michael Matise able to see one’s arm improves the spatial resolution of
Department of Neuroscience and Cell Biology tactile discrimination when two (unseen) pinpoint stimuli
Program in Physiology and Neurobiology are applied near one another on the skin surface, and
UMDNJ/Robert Wood Johnson Medical School this effect can be further enhanced by simply magnifying
675 Hoes Lane the image of the arm (Kennett et al., 2001). A striking
Piscataway, New Jersey 08854 illusion can also be produced when you rub both hands
together and the frequency of the accompanying rub-
bing sound is artificially increased: the perceived
roughness of the stimulus can be enhanced to the pointSelected Reading
that subjects report the sensation of having a leaf of
parchment paper between their rubbing hands (Jous-Altman, J., and Bayer, S.A. (1984). In Advances in Anatomy, Embryol-
ogy and Cell Biology (Berlin: Springer-Verlag). maki and Hari, 1998). Finally, even trained French enolo-
Anderson, D.J. (2001). Cell 30, 19–35. gists can be fooled by white wine tinted with a few drops
of odorless red dye and describe its olfactory structureBriscoe, J., and Ericson, J. (2001). Curr. Opin. Neurobiol. 11, 43–49.
with characteristic red-wine terms (Morrot et al., 2001)!Edlund, T., and Jessell, T. (1999). Cell 96, 211–224.
Such phenomena underscore the importance of multi-Gowan, K., Helms, A.W., Hunsaker, T.L., Collisson, T., Ebert, P.J.,
sensory integration in assisting perceptual decisions.Odom, R., and Johnson, J.E. (2001). Neuron 31, 219–232.
Classically, crossmodal effects have been attributed toGross, M.K., Dottori, M., and Goulding, M. (2002). Neuron 34, this
issue, 535–549. neuronal interactions in multisensory convergence ar-
eas such as the superior colliculus (Stein and Meredith,Jagla, K., Dolle, P., Mattei, M.G., Jagla, T., Schuhbaur, B., Dretzen,
G., Bellard, F., and Bellard, M. (1995). Mech. Dev. 53, 345–356. 1993) or the parietal lobe (Hyva¨rinen, 1981). However,
Jessell, T.M. (2000). Nat. Rev. Genet. 1, 20–29. important recent work using functional neuroimaging is
challenging this view with reports of multisensory inter-Lee, K.J., and Jessell, T.M. (1999). Annu. Rev. Neurosci. 22, 261–294.
actions in unimodal areas such as the auditory (CalvertLee, S.-K., and Pfaff, S.L. (2001). Nat. Neurosci. 4, 1183–1191.
et al., 2000) and visual (Macaluso et al., 2000) cortices.Mu¨ller, T., Brohmann, H., Pierani, A., Heppenstall, P.A., Lewin, G.R.,
The exact mechanisms through which, say, a tactileJessell, T.M., and Birchmeier, C. (2002). Neuron 34, this issue,
551–562. stimulus is able to exert a modulation on visually evoked
activity in the occipital cortex is not fully understoodSharma, K., and Peng, C.-Y. (2001). Neuron 29, 321–324.
